Abstract: High dietary intake of fruits and vegetables is consistently associated with a reduced risk of common human cancers. The specific mechanisms of action of most phytochemicals in cancer prevention are not yet clear but appear to be varied. One class of compounds currently under investigation is flavonoids, a large group of molecules with similar structure. Although their bioavailability is discussed, numerous in vitro and animal model data suggest that flavonoids modulate important cellular and molecular mechanisms related to carcinogenesis, a multistep process involving the transformation, survival, proliferation, invasion, angiogenesis, and metastasis of the tumor cells. Epidemiological studies confirmed that, among many flavonoids, apigenin, epigallocatechin gallate, delphinidin and genistein appear to be beneficial compounds in various stages of carcinogenesis. Therefore, according to in vitro and in vivo studies, this review attempts to increase our understanding about the preventive and therapeutic effects of these compounds to facilitate extrapolation of results from animal studies to human situations.
INTRODUCTION
Cancer is the second leading cause of death after cardiovascular disorders and carcinogenesis is a multistep process during which normal cells are transformed into cancer cells by accumulating several genetic changes and acquiring several common features that promote the malignant phenotype, often referred to as the hallmarks of cancer. The six classic hallmarks of cancer include self-sufficiency in growth signals, insensitivity to antigrowth signals, limitless replication, evasion of apoptosis, sustained angiogenesis, and the ability to invade tissue and form metastasis [1] . Other common features of malignant cells are enhanced anabolic metabolism, avoidance of immunoresponse, and several stress phenotypes [2] [3] [4] . Chances of developing cancer can be reduced by lifestyle changes and dietary habits. Indeed, epidemiological studies suggest that diets, particularly those rich in vegetables and fruits, have such chemopreventive activities in various diseases and particularly in cancer [5, 6] . The beneficial effects of these diets are attributable, at least partly, to polyphenols, which are present at high levels in vegetables and fruits. These compounds have been proposed as primary chemopreventive agents mainly due their abilities to specifically inhibit tumor cell proliferation through blockade of signal transduction, their anti-oxidant effects and/or their anti-metastatic properties through an inhibition of tumor angiogenesis [7] [8] [9] . Because of the vast number of nutraceuticals identified to date, we cannot discuss all of them. In this review, we will therefore focus on some of the more promising nutraceuticals, particularly important in human diet, including apigenin, epigallocatechin gallate (EGCG), delphinidin and genistein. In addition, we will attempt to *Address correspondence to this author at the INSERM UMR U694, PBH -IRIS, Rue des Capucins, F-49100 Angers, France; Tel: +33 2 44 68 85 80; Fax: +33 2 44 68 85 88; E-mail: ramaroson.andriantsitohaina@univ-angers.fr describe novel targets of chemopreventive effects of naturally occurring polyphenols in tumorigenesis.
CARCINOGENESIS, A COMPLEX MULTISTEP PROCESS
The process of carcinogenesis can be divided into three stages: (i) initiation -a rapid phase, comprises the exposure of cells to a carcinogenic agent that leads to irreversible alterations, usually at DNA level, (ii) promotion of abnormal cells which persist, replicate and may initiate a focus of preneoplastic cells, and (iii) progression characterized by an uncontrolled growth of tumor cells and an enhancement of invasiveness and metastatic potential with new blood vessel formation (Fig. 1) . In the initiation stage, cells oppose to carcinogens by the activation of different enzymes and particularly phase I enzymes (such as cytochrome P450) which react with xenobiotics to form a mutagenic compound responsible for DNA damage and mutations that lead to the onset of cancer development. The stage of tumor promotion is characterized by cell proliferation induced by the activation and/or over-expression of enzymes involved in the synthesis of nucleotides and DNA (such as ornithine decarboxylase), and in the regulation of the differentiation process (DNA polymerase or topoisomerases). Moreover, during this stage, reactive oxygen species (ROS) overproduction occurs, mainly due to the over-expression of pro-oxidant enzymes responsible for cell damages and further DNA mutations. During the progression stage, the final stage of carcinogenesis, tumor cells acquire the ability to invade neighboring tissues and to build metastasis at distant sites [10] . In this last step, the mutated cells proliferate in uncontrolled manner, and acquire a metastatic potential [11] coupled with a loss of capacity for apoptosis or senescence. Apoptosis, also known as programmed cell death, can occur via two distinct intrinsic and extrinsic signaling pathways. The intrinsic pathway targets the mitochondrial membrane in response to stresses such as the lack of growth factors and DNA injury [12] , while the extrinsic pathway is associated with binding of apoptosis-inducing ligands to cell surface receptors such as Fas-associated death receptor, tumor necrosis factor-(TNF-) receptor, and TNF-related apoptosis-inducing ligand receptors [13] . Various agents activate the intrinsic, also named mitochondrial pathway, such as oxidants, drugs or ionizing radiations which all induce ROS overproduction and the onset of oxidative stress.
The metastatic process is initiated by angiogenesis that is defined as a complex and multi-step process, leading to the formation of new blood capillaries by outgrowth or sprouting of pre-existing blood vessels [14] . Angiogenesis involves several steps: (i) an early degradation of extracellular matrix (ECM) predominantly by matrix metalloproteinases (MMPs), (ii) followed by migration and proliferation of endothelial cells and, finally (iii) the maturation of the new blood vessel in response to local pro-angiogenic factors such as vascular endothelial growth factor (VEGF), for example. In adults, angiogenesis occurs sporadically during inflammation, wound healing and bone repair and represents an essential step in tumor expansion [15] . The induction of angiogenesis is characterized by an angiogenic switch, i.e. an imbalance between pro-angiogenic factors, such as VEGF, fibroblast growth factors (FGF-1, FGF-2), platelet-derived growth factors (PDGF-B and PDGF-C) [16] [17] [18] and anti-angiogenic factor production, such as thrombospondin-1 (TSP-1) [19] (Fig. 2) . Moreover, various environmental stimuli such as oxygen deprivation (hypoxia) or acidic conditions, induction of oncogenes such as H-ras, v-Src and HER-2, silencing of tumor suppressor genes such as p53 [20, 21] or ROS production [22, 23] activate tumor angiogenesis through an overproduction of pro-angiogenic factors by inducing the formation of a disorganized and anarchic vascular network. Indeed, tumor vessels are distinct in several respects relative to normal vasculature as they are disorganized and tortuous and Fig. (1) . Underlying mechanisms of carcinogenesis. Transformation of malignant cells begins by genetic alterations, over-expression of reactive oxygen species (ROS), modification of the activity of metabolizing enzymes which lead to anarchic cell growth. High level of proliferation of immortalized cancer cells requires oxygen and nutrients. Therefore, tumor cells release specific molecules to induce pro-angiogenic signal to normal host tissue. Consequently, normal cells activate gene expression to provoke new vessel formation through, especially, VEGF secretion. Endothelial cells proliferate and stabilize neovascular structure. Then, tumor cells are released into blood circulation to colonize another favorable environment through an activation of MMP-2, a potentiation of the expression of adhesion molecules, cytokines and pro-angiogenic factors. MMP-2, matrix metalloproteinases-2; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. their spatial distribution is significantly heterogeneous, resulting in uneven drug distribution in the tumors [24] . Tumor vessels do not follow the hierarchy of arterioles, capillaries and venules. In addition, tumor vessels are more permeable than normal ones since tumor-associated endothelial cells are widened and loosely connected. Some studies suggest that tumor endothelial cells have cytogenetical abnormalities including aneuploidy, multiple chromosomes and multiple centrosomes, raising the possibility that such instability may contribute to resistance to anti-angiogenenic therapies [25] . Moreover, pericytes in tumor vessels are abnormal since they may not be in close association with endothelial cells and their cytoplasmic processes might extend to tumor parenchyma [26] . These findings confirmed that the tumor microenvironment is now recognized as critical to a complete understanding of the pathology of cancer. Thus, tumor microenvironment composed by ECM, fibroblasts, endothelial cells and pericytes [27] can constitute novel targets for polyphenols to inhibit tumor growth.
POLYPHENOLS AND CHEMOPREVENTION: FOCUS ON FLAVONOIDS
Polyphenols are a group of chemical substances found in plants that provide the tastes and are responsible for the color of the plant foods. They are often involved primarily to plant defensive response against stress such as ultraviolet radiation, pathogens and physical damages [28] . More than 8,000 structures have been characterized and possess, at least, a benzene ring linked to a hydroxyl group, which can be free or engaged in another function such as ester, ether or heteroside. The chemical structure of polyphenols varies from a simple phenol core to a complex molecule with a high molecular weight and a high degree of polymerization [29] . This family can be divided in simple phenols, flavonoids and non-flavonoids such as stilben (resveratrol), saponin, curcumin and tannins. Polyphenols are an important part of the human diet, and are found in species, berries, grapes/wine, tea, chocolate/cocoa, coffee, soybeans, and other fruits and vegetables [29] . Among these, the largest and best studied polyphenols are the flavonoids, which comprise several thousands of compounds, including flavonols, flavones (as representative compound: apigenin), catechins (EGCG), flavanones, anthocyanidins (delphindin), and isoflavones (genistein) [30, 31] (Table 1) . Apigenin is abundantly present in common fruits such as grapefruits, plant-derived beverages and vegetables such as parsley, onions, oranges, tea, chamomile, wheat sprouts and in some seasonings. Apigenin has gained particular interest as a beneficial and health promoting agent because of its low intrinsic toxicity and its striking effects on cancer versus normal cells, compared with other structurally-related flavonoids [32] . EGCG is the most abundant catechin in green tea, which represents 20% of world tea consumption. Interestingly, extensive laboratory and epidemiological studies have suggested that EGCG has preventive effects against chronic diseases including heart diseases, diabetes, neurodegenerative diseases, and cancer [33] . Delphinidin represents 12% of the anthocyanins found in higher plants [34] and it has been widely tested in our laboratory to show its antiangiogenic properties [35] and its potent vasodilatory effects [36] . There is considerable evidence that delphinidin possesses potent anti-oxidant, antiinflammatory and anti-angiogenic properties [37] . Genistein, is a small isoflavone, found in high abundance in soy products [38] . Interest in genistein as a potential therapeutic agent has recently risen in the field of oncology as populationbased studies have linked genistein consumption with a decreased risk of mortality from several types of cancer, most notably prostate and breast cancer [39] [40] [41] .
Chemoprevention is defined as a pharmacological approach used to arrest or to reverse the process of cancer development before invasion and metastasis occur [42] . Because polyphenols may have anti-oxidant, anti-inflammatory and anti-carcinogenenic activities [43] they have been proposed as primary chemopreventive agents. Indeed, many studies in different cell lines, animal models and human epidemiological trials suggest a protective role of dietary polyphenols against different types of cancer [44] [45] [46] . Clinical trials attempt to correlate polyphenolic intake with prevention of a particular cancer, show a decreased risk for different types of cancer [47] [48] [49] or a diminished recurrence of cancer [50] after the consumption of flavonoids or certain foods or drinks rich in phenolic compounds chosen above. Thus, according to studies described above, we can consider that apigenin, EGCG, delphinidin and genistein have potential chemopreventive properties.
CHEMOPREVENTION INDUCED BY FLAVONOIDS IN IN VIVO CARCINOGENESIS
Numerous studies have evaluated the efficacy of apigenin, EGCG, delphinidin or genistein in various animal models ( Table 2) .
Although apigenin is widely consumed, few studies have investigated the role of this compound in the regulation of in vivo tumor initiation. The anti-carcinogenic effect of apigenin has been demonstrated in a skin carcinogenesis model in which its topical application inhibited dimethyl benzanthracene-induced skin tumors [51] . Apigenin also reduces UV-induced cancer incidence and increased tumor free survival in the same experimental model [52] .
EGCG exhibits a preventive effect in different model of transgenic mice for skin cancer [53] . In B16-F3-xenografted mice, intra-peritoneal injection of EGCG decreases the growth of the primary lung tumor [54] . In contrast to experiments conducted on mouse model, EGCG added in drinking water had no effect in rats with breast cancer induced by dimethylbenz[a]anthracene [55] .
Anthocyanins and anthocyanidins, predominantly in the form of mixtures, have demonstrated cancer chemopreventive properties in animal models of breast, skin, oesophageal, lung and gastro-intestinal carcinogenesis. With regard to delphinidin, it prevents tumor growth by decreasing cell viability and by potentiating cell apoptosis in tumor skin induced by UVB [37] . Moreover, delphinidin has been reported to induce apoptosis in a human tumor xenograft in nude mice [56] .
The effects of genistein are particularly studied in hormono-dependent cancer such as prostate and breast cancer. Genistein has been reported to promote the mammary tumorinitiating activity of dimethylbenz[a]anthracene in mice injected with MCF-7 cells [57] . Moreover, high dose of genistein (250 mg/kg) suppresses the development of prostate cancer in an androgen-sensitive human prostate adenocarcinoma cells model (LNCaP)-induced cancer in rats, by inhibiting tumor cell proliferation and increasing apoptosis [58] . In non-estrogen-dependent cancer types, genistein appears to preferentially regulate the metastatic process compared to the initiation process. Indeed, in an azoxymethane- induced intestinal adenocarcinoma model in Wistar rats, genistein has no effect upon primary tumors whereas it inhibits metastasis [59] . The same results have been reported in an orthotopic murine model of human hepatocellular carcinoma cells [60] .
EFFECTS OF FLAVONOIDS ON TUMOR INITIATION

Apigenin and Carcinogenesis
The cancer chemopreventive properties of apigenin have been first demonstrated by Birt et al., [61] who describe the anti-mutagenic and anti-promotion properties of apigenin through inhibition of ornithine decarboxylase activity induced by 12-O-tetradecanoyl phorbol-13-acetate (TPA) in mouse skin. Ornithine decarboxylase plays a pivotal role in tumor growth inasmuch it is the rate-limiting enzyme in polyamine biosynthesis essential for cell proliferation. The anti-mutagenic property of apigenin has been also reported in a human chronic lymphocytic leukemia cell line [62] , using a standard reverse mutation assay, strengthening previous study reporting its beneficial effect against nitropyreneinduced genotoxicity in Chinese hamster ovary cells [63] . Since the cellular detoxification pathways are highly solicited during tumor initiation, apigenin has been shown to promote metal chelation, scavenge free radicals, and stimulate phase II detoxification enzymes in both cell culture and in vivo tumor models [28] . Further, apigenin has been identified to enhance the intracellular concentration of glutathione, increasing the endogenous defense against oxidative stress [64] . Because ROS induce damage to cellular components (DNA, lipids, proteins), resulting in irreversible modifications of cellular viability and function [65] , they are prime targets for flavonoids which their anti-oxidant properties are well described. Then, a number of studies confirms the antioxidant properties of apigenin in in vitro as well as in vivo studies showing its role in scavenging free radicals [46] . However, although ROS are known to be harmful, some studies have shown that apigenin induces ROS production that favors apoptosis of tumor cells. Then, pro-apoptotic properties through an elevation of ROS production and a modification of mitochondrial function has been described in HL-60 human leukemia cell [66] , LNCaP human prostate tumor cell line [67] and HepG2 human hepatoma cells [68] .
Another property of apigenin that participates to its anticarcinogenic effect includes its ability to regulate tumor cell cycle. Indeed, it has been shown that apigenin induces a reversible G2/M and G0/G1 arrest by inhibiting p34 (cdc2) kinase activity, accompanied by increased p53 protein stability in a wide variety of malignant cells, including those from epidermal cells [69, 70] . Besides, apigenin induces WAF1/p21 levels resulting in cell cycle arrest and apoptosis in androgen-responsive human prostate cancer, LNCaP cells and androgen-refractory DU145 cells, regardless of the Rb status and p53-dependence or p53 independence [71, 72] , ( Table 3 , Fig. 3A ).
EGCG and Carcinogenesis
The aforementioned chemopreventive effects of tea against tumorigenesis and tumor growth have been primarily attributed to the biochemical and pharmacological activities of the EGCG. EGCG may affect carcinogenesis through a number of properties including their anti-oxidant activities [73] , modulation of carcinogen-metabolizing enzymes [74] , trapping of ultimate carcinogens [75] , inhibitory action against nitrosation reactions [76] , inhibition of cell proliferation-related activities [77] , induction of cell apoptosis and cell cycle arrest [78] , blockade of mitotic signal transduction through modulation of growth factor receptor binding [79] , and nuclear oncogene expression [80] .
With regard to its anti-oxidant property, EGCG increases the expression of heme-oxygenase-1 and superoxide dismutase, in human mammary epithelial cell. This effect is reduced by small-interfering RNA (siRNA)-mediated disruption of the transcription factor NF-E2-related factor-2 (Nrf2), suggesting a role for this pathway in the EGCG-mediated induction of these endogenous anti-oxidant systems [81] . Some preventive activities for EGCG may also be related to its pro-oxidant property resulting from its auto-oxidation and therefore ROS production in cell culture conditions [82] . These later participate to the pro-apoptotic effects of EGCG against cancer cell lines [83, 84] . Similar results have been reported in HL-60 cells in which treatment with 50 M EGCG results in the formation of ROS and a concomitant increase of apoptotic cells [85] . These findings are confirmed on chondrosarcoma cells in which EGCG induces an accumulation of superoxide anion that up-regulates the production of Bax and Bak, two pro-apoptotic mediators, favoring tumor cell death [86] .
As reviewed recently by Forester and Lambert [87] , green tea polyphenols are believed to be responsible for cancer preventive effect, and the antioxidant activity of the Fig. (3) . Schematic representation of the main effects of (A) apigenin, (B) EGCG, (C) delphinidin and (D) genistein on both tumor cells and endothelial cells. HIF-1 , Hypoxia-inducible factor -1 ; MMP-2 and -9, matrix metalloproteinases -2 and -9; FAK, focal adhesion kinase; VEGF, vascular endothelial growth factor; VEGF-R, vascular endothelial growth factor receptor; IGF-R, insulin-like growth factor receptor; PDGF-R, platelet-derived growth factor receptor; TK: tyrosine kinase uPA, urokinase type plasminogen activator.
green tea polyphenols has been implicated as a potential mechanism. Thus, EGCG can be direct antioxidants, at low concentration (50 M) by scavenging reactive oxygen species or chelating transition metals as has been demonstrated in vitro. Conversely, these flavonoids can also be potent pro-oxidants, at high concentration (> 200 M), both in vitro and in vivo, leading to the formation of hydrogen peroxide, the hydroxyl radical, and superoxide anion [88] . Although the potential role of these pro-oxidant effects in the cancer preventive activity of EGCG is not well understood, the evidence for both antioxidant and pro-oxidant properties of green tea has been discussed in a number of reviews [73] .
The effects of EGCG on tumor cell cycle arrest have been widely described. EGCG induces cell cycle arrest in many cancer cells without affecting normal cells [89] . EGCG induces expression of p21 and p27, inhibits the activity of CDK2 and CDK4 and causes Rb hypophosphorylation [90] . In prostate cancer cells, EGCG increases the expression of p16, p18, p21, and p53, which are associated with negative regulation of cell cycle progression [91] . It has also been shown that treatment of MCF7 breast cancer cells with EGCG results in G0/G1 phase cell cycle arrest [92] . EGCG has also been found to inhibit topoisomerase activity in various tumor cell models [93, 94] , (Table 3, Fig. 3B ).
Delphinidin in Carcinogenesis
Although delphinidin possesses beneficial properties against several cardiovascular diseases, only few studies have investigated its role in the regulation of carcinogenesis. Despite its anti-oxidant properties known to suppress the growth of tumor cells [95] , delphinidin through modulation of the cki-cyclin-cdk machinery, may inhibit cell growth and induces apoptosis of highly aggressive human prostate carcinoma PC-3 cells. The cell growth inhibition is associated with the induction of p21 and p27, the down-regulation of cyclin E, D1, and D2 leading to cell cycle arrest is accompanied by the induction of apoptosis [56] . Similarly, in human colon cancer HCT116 cells, the same group reports the antiproliferative and pro-apoptotic properties of delphinidin through a G2/M cell cycle arrest and an increase in Bax with a concomitant decrease in Bcl-2 protein expression [96] , (Table 3, Fig. 3C ).
Genistein and Carcinogenesis
Genistein has been shown to inhibit the development of both hormone-related and non-hormone-related cancers. The difficulty of conducting studies with genistein is, partially, due to its paradoxical pharmacological properties. Indeed, genistein possesses weak estrogenic activity at low concentrations (10nM to 5 M) but is an estrogen receptor antagonist at high concentrations (10 to 50 M) [97] . At 40 M, genistein inhibits proliferation of LNCaP prostate cancer cells and enhances apoptosis. Treatment of human bladder cancer cells with genistein results in inhibition of cdc2 kinase activity and G2/M phase cell cycle arrest [98] . Similar property of genistein has been reported in breast cancer and melanoma cells with regard to G2/M cell cycle arrest [99, 100] . It should be noted that genistein inhibits mouse fibroblast and melanoma cell proliferation at the G0/G1 phase of the cell cycle [101] . Besides, genistein inhibits 20S proteasomal activity resulting in an accumulation of p27
Kip-1 , I B, and Bax in LNCaP and MCF7 cells [102] . Finally, genistein can inhibit tyrosine kinase and topoisomerase activities [103, 104] , ( Table 3 , Fig. 3D ).
EFFECTS OF FLAVONOIDS ON TUMOR PROMOTION: ROLE OF THE TUMOR MICROENVIRONMENT
In addition to tumor cells, the tumor microenvironment harbors a variety of host-derived cells, such as endothelial cells, fibroblasts, innate and adaptive immune cells. It is a complex and highly dynamic environment, providing very important clues to tumor development and progression. Tumor-associated endothelial cells play a key role in this process. On the one hand, they form tumor-associated (angiogenic) vessels through sprouting from locally preexisting vessels or recruitment of bone marrow-derived endothelial progenitor cells, to provide nutritional support to the growing tumor. On the other hand, they are the interface between circulating blood cells, tumor cells and the ECM, thereby playing a central role in controlling tumor cell behavior and metastasis formation. Therefore, a number of studies have been conducted to test the hypothesis that flavonoids might exert their effects by targeting host-derived cells. First, we describe the impact of flavonoids on healthy endothelial cells and then, we will focus on the effects of these compounds on tumor angiogenesis, ( Table 3) .
Effects of Apigenin, EGCG, Delphinidin and Genistein on Healthy Endothelial Cells
Various studies have focused on the influence of apigenin, EGCG, delphinidin and genistein in endothelial cell proliferation through an induction of cell cycle arrest (Fig. 3) . Thus, in human microvascular endothelial cells (HMECs), it has been reported that apigenin inhibits proliferation by blocking these cells in the G2/M phase as a result of the accumulation of the hyper-phosphorylated form of the retinoblastoma protein [105] . Similarly, EGCG inhibits VEGF-induced mitogenesis in human umbilical arterial endothelial cells (HUAECs) via reduction of autophosphorylation of VEGF receptors 1 and 2, phosphorylation of extracellular signal-regulated kinases (ERK)1/2, and mRNA expression of the early growth response factor-1 [106] . Moreover, EGCG inhibits endothelial cell proliferation through a cell cycle arrest causing an accumulation of HUAECs in the G0/G1 phase and a concomitant decrease in the S phase [107] .
Our group has shown that delphinidin inhibits in vitro and in vivo angiogenesis. Thus, delphinidin protects against endothelial cell apoptosis through an activation of endothelial nitric oxide-synthase and a regulation of calcium homeostasis [108] . Moreover, in human umbilical vein endothelial cells (HUVECs), the anti-proliferative properties of delphinidin (5 to 20 g/mL) involves cyclin D1-and Adependent pathway. Furthermore, to determine the role of delphinidin in in vivo angiogenesis, this compound has been tested on chicken embryo chorioallantoic membrane (CAM) assay. Thus, below 10 g per embryo, delphinidin has no significant effect on vascular network. In doses ranges of 10-50 g/embryo, delphinidin is able to decrease capillary development in developing CAMs [109] . However, we have reported that the anti-proliferative effect of delphindin through an ERK1/2 phosphorylation, is independent of nitric oxide pathway and is correlated with suppression of cell progression by blocking the cell cycle in G0/G1 phase in bovine aortic endothelial cells [35] .
Paradoxical properties have been reported regarding genistein depending on the concentrations used. Thus, at high concentrations (1 to 100 M), genistein inhibits endothelial cell proliferation through a decrease in caveolin-1 phosphorylation [110] or an accumulation of cells in the G0/G1 phase and a concomitant decrease in the S phase [111] . Conversely, low concentrations of genistein (below 10 nM) stimulate endothelial cell proliferation [112] . To explain these paradoxical properties, it is suggested that genistein exerts both estrogenic and non-estrogenic actions depending on its concentration, as described above. Indeed, genistein acts as protein tyrosine kinase inhibitor at concentrations higher than 10 M, meanwhile at lower concentrations genistein binds to both isoforms of estrogen receptor (ER), having high affinity for ER-. Moreover, 100 nM genistein strikingly increases ER-expression in HUVECs [113] .
Impact of Apigenin, EGCG, Delphinidin and Genistein in Tumor Angiogenesis
During tumor development, the angiogenic cascade consists of the release of angiogenic factors which bind to receptors on endothelial cells, endothelial cell activation, degradation of the basement membrane by proteases, and migration and proliferation of endothelial cells. The signaling pathway governing tumor angiogenesis is exceedingly complex, involving various angiogenic mediators. The major signaling mediators include VEGF, PDGF, FGFs, epidermal growth factor (EGF), ephrins, angiopoietins, endothelins, integrins, cadherins, and Notch [114] (Fig. 2) . Only few studies have focused on the impact of apigenin on tumor angiogenesis (Fig. 3) . Because hypoxia-inducible factor-1 (HIF-1 ) is a transcription factor over-expressed during hypoxic angiogenic process (relatively common during tumor development), it is the subject of numerous studies focusing on tumor angiogenesis. Also, apigenin inhibits VEGF transcriptional activation through the HIF-1 binding site, decreasing HIF-1 but not HIF-1 subunit, and inhibits protein kinase B (PKB or Akt) and p70S6 kinase activation in A459 lung can-cer cells [115] . Similarly, apigenin inhibits the expression of HIF-1 and VEGF via the phosphoinositide 3-kinase (PI3K)/ Akt and human double minute-2 (HDM2)/p53 pathways in human ovarian cancer cells [116] . Furthermore, by using both the chicken CAM and Matrigel plug assays, apigenin significantly inhibits prostate tumor angiogenesis through an inhibition of HIF-1 expression via Akt signaling [117] .
The anti-angiogenic properties of EGCG in various tumor cell models can be attributed to its ability to inhibit the activity of several tyrosine kinase receptors including insulin-like growth factor-1 receptor (IGF-1R), EGF-receptor (EGF-R), VEGF-receptor (VEGF-R) or PDGF-receptor (PDGF-R) [118, 119] . Indeed, EGCG has been found to decrease VEGF-R phosphorylation and to induce apoptosis in chronic lymphocytic leukemia B cells [120] . Similarly, EGCG induces apoptosis in colon cancer cells by activating caspase-3 and suppressing Bcl-2 protein, which subsequently modulates VEGF signaling and leads to the inhibition of VEGF and VEGF-R1 and VEGF-R2 phosphorylations. Moreover, AMPK signal pathway participates to this effect of EGCG [121] . Furthermore, several studies described controversial data about the role of EGCG in HIF-1 activity. In fact, in T47D human breast carcinoma cells, high-dose EGCG enhanced HIF-1 expression and activity, through the chelation of iron, potentiating tumor cell growth [122] . Conversely, in a recent clinical study, EGCG exhibits its anti-angiogenic properties through a decrease of HIF-1 and VEGF expression [123] . Although high doses of EGCG were tested in both studies, controversial data have been reported confirming the difficulty of therapeutic use of such molecules.
As previously described, while several studies have reported anti-angiogenic properties of delphinidin on different endothelial cell models [109, 124] , only one shows that oral consumption of delphinidin delays tumor growth in a lung carcinoma xenografted model through an inhibition of PDGF ligand/receptor signaling. This inhibitory effect of delphinidin on PDGF-R leads to the inhibition of PDGFinduced activation of ERK-1/2 signaling. Furthermore, according to a mouse Matrigel plug assay, the anti-angiogenic properties of delphinidin is mediated via an inhibition of vessel formation by basic FGF-2 and PDGF [125] .
Various studies have reported the impact of genistein on the expression of pro-angiogenic factors, particularly in hormono-dependent tumor cells. Genistein reduces nuclear accumulation of HIF-1 in prostate PC-3 cells, and therefore VEGF expression in response to hypoxia. Thus, genistein may inhibit prostate tumor angiogenesis through the reduction of VEGF production both in prostate cancer cells and in endothelial cells, with or without the presence of hypoxia [126] . Furthermore, genistein suppresses VEGF and FGF-2 expressions and inhibits tyrosine kinase phosphorylation, activation of Akt and nuclear factor-B (NF-B), resulting in inhibition of angiogenesis in renal cell carcinoma [127, 128] .
EFFECTS OF FLAVONOIDS ON TUMOR PRO-GRESSION
Metastasis is a multistep process wherein a cancer cell leaves the site of the primary lesion, passes through the circulatory system, and establishes a secondary tumor at a new distant organ site. It involves the interplay among ECM degradation, proteolysis, cell adhesion and migration, angiogenesis and invasion [129] . After invasion and implantation into the distant organ, cells resume the process of increased proliferation and angiogenesis, and begin to form a metastatic tumor ( Table 3) .
The first in vitro study conducted with apigenin shows that this compound affects protease-dependent invasiveness in MDA-MB231 breast tumor cells [130] . Apigenin inhibits the invasive potential of HeLa cervical carcinoma cells using an assay based on the confrontation of tumor cell spheroids with chick embryo heart fragment [131] . Furthermore, apigenin has been found to inhibit the expression of focal adhesion kinase (FAK), migration and invasion of human ovarian cancer A2780 cells [132] . It should be noted that overexpression or hyper-activation of FAK has been reported in many types of human tumors, and is highly associated with high aggressiveness and poor patient survival.
Because extracellular proteinases, such as MMPs, mediate many of the changes in the microenvironment during tumor progression, these enzymes are targets for various flavonoids such as EGCG. Initially EGCG has been shown to inhibit angiogenesis through a decrease of the MMP2 in HUVECs [133] or MMP9 [134, 135] activity. Then, the preventive effects of EGCG on metastasis and invasion have been described to act through an inhibition of expression or activity of MMP [136, 137] and FAK, without affecting membrane type 1 metalloprotease (MT1-MMP) and tissue inhibitor of MMP-2 (TIMP-2) [138, 139] . Finally, the antimetastatic properties of EGCG are confirmed on murine mammary carcinoma cell line 4T1 in which EGCG decreased ROS generation and down-regulated MMP9 expression [140] .
Few studies have focused on the impact of delphinidin in the control of tumor invasion. The first findings on the role of this compound were proposed in the late 90's showing that delphinidin inhibits the MMP2 and MMP9 activities of human fibrosarcoma HT-1080 cells [141] . The influence of delphinidin on the activity of urokinase type plasminogen activators (uPA) has been studied on U87 glioblastoma cells and this compound has been reported to inhibit tumor cell migration through a blockade of the plasminolytic system activity [142] . This property of delphindin might participate in the reduction of gliobastoma cell invasiveness [143] .
Early works provides evidence that genistein may control metastatic process of different tumor cells. Indeed, genistein increases human prostate cancer cell adhesion in vitro through an enhancement of FAK translocation to the focal adhesion complexes [144] . This result also indicates that genistein can inhibit cell detachment, which is an early step in the metastatic cascade. The effects of genistein on FAK activity has been confirmed in other in vitro studies performed on breast cancer [145] , melanoma cells [145] , hepatocarcinoma cells or pancreatic cells [60, 146] . The effects of genistein on tumor cells adhesion are paradoxical. Indeed, genistein increases the adhesion of breast cancer and melanoma cells in vitro [145] , while it inhibits the adhesion of hepatocarcinoma and pancreatic cells at the same range of concentrations (0.1 to 50 M) [60, 146] . These contrasting effects on cellular adhesion could stem from differences in cell type or assay methodology. In particular, changes in the type of ECM proteins and/or changes in the timing of drug treatment can have profound effects on the outcome of adhesion assays. Moreover, a number of studies demonstrates that genistein selectively inhibits the production of MMPs by tumor cells, modulating the capacity of tumor cell invasion. Thus, in human prostate hormone-dependent (PC3) and hormone-independent tumor cell lines [147, 148] , human HCC 1395 breast cancer cells [149] and human U87 glioblastoma cells [150] , 10 to 50 M genistein reduces the expression of MMP2 and MMP9.
It should be noted that apigenin, EGCG, delphinidin and genistein are able to modulate all the properties of both endothelial cells and tumor cells. Indeed treatment of endothelial cells by each of the relevant molecules induced an inhibition of proliferation, angiogenic properties and invasion capacity. Similarly, studies involving tumor cells showed that each of the flavonoids can inhibit their proliferation but also can increase their apoptosis through an increase of Bax expression and activity. Although most antitumor properties are similar for each of these molecules, several differences can be noticed as summarized on Fig. (3) .
FACTORS LIMITING THE CLINICAL USE OF POLYPHENOLS
It should be noted that the polyphenols that are the most common in the human diet are not necessarily the most active within the body, either because they have a lower intrinsic activity or because they are poorly absorbed from the intestine, highly metabolized, or rapidly eliminated [151] . Thus, since the potential beneficial effects of apigenin, EGCG, delphinidin and genistein in cancer therapy might depend on both their respective intakes and their bioavailability, the clinical use of polyphenols is still under debate [152] . The plasma concentrations of apigenin rarely exceed 1 M because of limited absorption and rapid elimination. EGCG and genistein are the flavonoids with the best bioavailability profiles and plasma concentrations may reach 5 M. Finally, although very abundant in diet, delphinidin is either very poorly absorbed or not absorbed at all. Several reasons, relating to physical and chemical properties of these molecules, may explain this small availability. Firstly, it is known that polyphenols are relatively instable in physiological neutral and basic pH. Secondly, polyphenols are hydrophilic products that are not really able to cross digestive barrier and eventually the cell membrane. Thirdly, a possible intestinal metabolism of the compounds is suggested, as some flavonoids metabolites have been detected in faeces, but not in blood or urine [153, 154] . Because of this poor oral bioavailability of polyphenols, the in vitro concentration of the active compounds with interesting properties could be not sufficient to exert the expected effect in vivo. Moreover, it would be very difficult to determine the in vivo active dosage, since each patient presents his own phenotypic characteristics [155] . Finally, in vivo, flavonoids bind to human serum albumin with range values of the dissociation equilibrium constant between 3.3 and 3.9 M in physiological conditions [156, 157] . This poor bioavailability is probably due to their interaction with plasma proteins including HSA although scarce information is available on HSA recognition by flavonoids and their metabolites [158] Flavonoids and their metabolites circulate in the human blood stream mostly bound to HSA (0.95 < molar fraction of the HSA-bound flavonoid < 0.99) [157] especially for EGCG that probably explains their poor oral bioavailability. This interaction directly influences the transport and metabolism of such compounds, and consequently contributes to the magnitude of their biological activities in vivo.
Many clinical studies have used a mixture of several polyphenols, and the active molecule(s) is (are) generally not known. The presence of related compounds in mixtures and extracts makes difficult to determine the respective contribution of each in the overall effect. Indeed, interactions can occur in vivo between different molecules present in the administrated extract or with food. Caution is mandatory when attempting to extrapolate these observations to in vivo animal tumor models and, most importantly, to humans, since none of these experimental features (detailed molecular mechanism) have been proved to occur among humans yet; moreover, most of the mechanistic data have been obtained in vitro and may not necessarily be physiologically relevant.
Because of the complexity and inter-relationship of signaling pathways, more information on the primary targets within cells for these dietary compounds is required such as nuclear signals, but also related to the potential interaction with receptors to initiate the signaling cascade, the entrance into the cell. Moreover, it might be possible to determine whether polyphenols are acting through common mechanisms to achieve the same final effect.
Additionally, more extensive, well-controlled clinical trials are needed to fully evaluate the potential of apigenin, EGCG, delphinidin and genistein in terms of optimal dose, route of administration, cancer targets and potential interactions with other drugs.
PERSPECTIVES TO IMPROVE THE EFFECTS OF POLYPHENOLS
The large number of in vitro and in vivo studies related to the chemopreventive and therapeutic effects of apigenin, EGCG, delphinidin and genistein in cancer has encouraged the clinical trials in order to address the pharmacokinetics, efficacy and safety of these last compounds in humans. Although epidemiological studies show a protective effect of diets rich in fruits and vegetables against cancer, the use of diet supplementation alone is a limited option for cancer treatment. However, to use these compounds in clinical studies, several solutions have been proposed the last years. Thus, structural modifications of these compounds have been taken into account to improve their stability in neutral pH and increased their digestive absorption [159] . For example, Chen et al., [160] identified WYC02-9, a synthetic analogue of protoapigenone, derivative of apigenin, that is able to inhibit significantly the cell growth of several cell lines such as human breast and prostate cancer cells. Although the mechanisms by which WYC02-9 inhibit tumor cell proliferation are comparable to those observed with protoapigenone, through an induction of mitogen-activated protein kinase activity, WYC02-9 displays a greater cytotoxic activity than protoapigenone on tumor cells and has the potential to be developed into an effective anti-cancer agent in the clinical setting [160] .
Until we have convincing data on the possible treatment of cancer by these natural derivatives, prevention of proliferative diseases by diets rich in fruits and vegetables should be encouraged [161] . Moreover, it has been proposed a new concept of combining flavanoids such as apigenin [162] , EGCG [163] or genistein [164, 165] with other anticancer drugs to achieve synergistic effects in various tumors.
Elsewhere, most public health campaigns promote consumption of many fruits and vegetables every day [166] . The expected benefits are mainly found in reducing the incidence of certain cancers, particularly colorectal [167] , but also in the prevention of cardiovascular and metabolic diseases [168] . Furthermore, the expected benefits of fruit and vegetable consumption, estimated from meta-analyses [169] , are moderate compared to earlier estimations based on casecontrol studies. Although the burden of cancer and cardiovascular diseases represents more than two-third of total deaths, the favorable association with fruit and vegetables consumption is documented for only about half of their etiologies (one-third of total deaths).
However, the relationship between flavonoids, especially apigenin and genistein, and cancer has become controversial because of their estrogen-like properties under certain experimental conditions, and consequently may stimulate the growth of existing estrogen-sensitive breast tumors [170] . Indeed, genistein and apigenin bind and transactivate estrogen receptors [171] , induce proliferation and estrogenic markers in MCF7 cells, an ER positive breast cancer cell line [172] , and elicit estrogenic effects in rodent reproductive tissues [173] . In contrast to these findings, epidemiologic evidence shows that among Asian women, higher soy intake is associated with a nearly one-third reduction in breast cancer risk [174] and that Japanese breast cancer patients, in comparison to Western women, exhibit better survival rates even after controlling for stage of diagnosis [175] .
CONCLUSION
There is traditional and widespread use of dietary flavonoids all around the world. While the anecdotal epidemiological evidence has historically supported the idea of link between varied diet and healthy, experimental evidence accumulated in the recent years from various pre-clinical and clinical studies clearly support the idea that dietary flavonoids have potentially beneficial effects on multitude of health conditions, including cancer. As discussed in this review, the antitumor activities of apigenin, EGCG, delphinidin and genistein have been established in both various cell lines and different animal models. Studies in cell lines (tumor and endothelial cell lines) have also demonstrated that these compounds can affect a range of signaling and metabolic pathways resulting in cancer cell growth inhibition and inhibition of angiogenesis and metastasis. On the basis of these results, one can advance the notion that flavonoids are readily available and widely consumed and may have a high potential use in the prevention of human cancer. Nevertheless, the cancerpreventive activity of these compounds has not been consistently observed in human studies. 
